Neural reward function has been proposed as a possible biomarker for depression. However, how the neural response to reward and aversion might differ in young adolescents with current symptoms of depression is as yet unclear. Thirty-three adolescents were recruited, 17 scoring low on the Mood and Feelings Questionnaire (low risk group) and 16 scoring high (high risk group). Our functional magnetic resonance imaging task measured; anticipation (pleasant/unpleasant cue), effort (achieve a pleasant taste or avoid an unpleasant taste) and consummation (pleasant/unpleasant tastes) in regions of interest; ventral medial prefrontal cortex, pregenual cingulate cortex, the insula and ventral striatum. We also examined whole brain group differences. In the regions of interest analysis we found reduced activity in the high risk group in the pregenual cingulate cortex during anticipation and reduced pregenual cingulate cortex and ventral medial prefrontal cortex during effort and consummation. In the whole brain analysis we also found reduced activity in the high risk group in the prefrontal cortex and the precuneus during anticipation. We found reduced activity in the hippocampus during the effort phase and in the anterior cingulate/frontal pole during consummation in the high risk group. Increased anhedonia measures correlated with decreased pregenual cingulate cortex activity during consummation in the high risk group only. Our results are the first to show that adolescents with depression symptoms have blunted neural responses during the anticipation, effort and consummation of rewarding and aversive stimuli. This study suggests that interventions in young people at risk of depression, that can reverse blunted responses, might be beneficial as preventative strategies.
Introduction
Anhedonia (loss of interest and pleasure) is one of the two main diagnostic criteria for depression (American Psychiatric Association, 2013) and is related to 0abnormalities in the brain's reward mechanisms and suggested as a possible biomarker of risk for depression (Argyropoulos and Nutt, 2013; Hasler et al., 2004; Nutt et al., 2007) . Identifying biomarkers such as the neural response to reward could help develop preventative treatments for young people at increased risk of clinical depression.
Anhedonia is multi-dimensional, with the anticipatory (appetitive/wanting) and consummatory (hedonic/liking) dimensions being the most widely examined in depression (Frey et al., 2015 , McCabe, 2014 , Nutt et al., 2007 . Studies in depression have found reduced anticipatory and consummatory responses to reward in the ventral and dorsal striatum (Epstein et al., 2006; Forbes et al., 2009; Pizzagalli et al., 2009; Smoski et al., 2009; Ubl et al., 2015; Zhang et al., 2013) with increased activity to the anticipation of gains in the anterior cingulate . However, few studies investigate the separate dimensions of anhedonia within the same task (Treadway and Zald, 2011; Zhang et al., 2013) . Yet a recent behavioural study suggests another possible conceptual dimension of anhedonia, that of effort expenditure for reward. The authors found that effort expenditure was impaired in depressed patients (Sherdell et al., 2012; Treadway et al., 2012; Yang et al., 2014) .
Interestingly the results of neural responses to aversive stimuli in depressed patients are less consistent, with some studies finding increased responses in the amygdala (Knutson and Greer, 2008; Sheline et al., 2001; Surguladze et al., 2004) whilst others find blunted responses in the amygdala and lateral orbitofrontal cortex (lOFC) (Bylsma et al., 2008; Luking et al., 2015; McCabe et al., 2009) . Studies that find blunted responses to both reward and aversion in depression (see meta-analysis in Bylsma et al., 2008) however fit with the theory of emotion context insensitivity (Rottenberg et al., 2005) . This theory indicates a reduced reactivity to all emotion cues, regardless of valence (Rottenberg, 2007; Rottenberg et al., 2005) .
To assess the neural response to reward and aversion, we have developed an experimental model that examines the anticipation, effort and consummation of pleasant and unpleasant sights and tastes (Dean et al., 2016) . In an attempt to examine neural biomarkers we have shown previously that participants recovered from depression have decreased responses to anticipation and consummation (sight and taste of chocolate reward) in both ventral striatum and anterior cingulate cortex (ACC) (McCabe et al., 2009) . In a follow-up study we examined young people (16-21 years) with a family history of depression (Beardslee et al., 1998) but no personal experience of depression and found diminished neural responses in the orbitofrontal cortex (OFC) and the dorsal anterior cingulate cortex (dACC) to rewarding stimuli (McCabe et al., 2012) in the at risk group. Consistent with this, a recent behavioural study found reduced risk-taking in young people at increased familial risk of depression (Mannie et al., 2015) .
Despite adolescence being a critical period of neural development that increases vulnerability to depression (Davey et al., 2008) , studies report conflicting results regarding the direction of developmental changes (Forbes et al., 2010) . Further, few studies report how current depression symptoms map onto neural responses to reward. One recent study has found that decreased ventral striatal responses to monetary reward predicts depressive symptoms in adolescents (Hanson et al., 2015) . Thus, the aim of this study was to extend this work by investigating neural responses during reward and aversion processing (anticipation, effort and consummation) in younger adolescents (13-18 years) with current depressive symptoms but no clinical diagnosis.
Materials and methods

Participants
Thirty-three participants were recruited for the study. Seventeen volunteers were classified as low risk (LR) and 16 volunteers as high risk (HR) for depression based on scores on the Mood and Feelings Questionnaire (MFQ) (Angold et al., 1995) . The MFQ scores were <15 for LR and >27 for HR. Participants who scored between 15-27 were excluded from the study. The University of Reading Ethics Committee approved the study, and written informed consent from all participants was obtained.
Potential participants were assessed with the Structured Clinical Interview for DSM-IV Axis I Disorders (First et al., 1997) schedule to exclude a personal current or previous history of major depression or any other Axis 1 disorder. Further, no subjects had ever been diagnosed with depression or had sought treatment for depression. We also excluded pregnancy and any contraindications to magnetic resonance imaging (MRI). With the exception of the contraceptive pill, volunteers took no medication.
All subjects completed the: MFQ; Beck Depression Inventory (BDI; Beck et al., 1961) ; Fawcett-Clarke Pleasure Scale (FCPS; Fawcett et al., 1983 ); Snaith-Hamilton Pleasure Scale (SHAPS; Snaith et al., 1995) , the Temporal Experience of Pleasure Scale (TEPS; Gard et al., 2006) , a 'chocolate questionnaire' to measure liking, craving, and frequency of eating chocolate (Rolls and McCabe, 2007) . Body mass index (BMI) in the normal range was part of the inclusion criteria.
Overall design
Participants were asked to refrain from consuming chocolate 24 hours prior to scanning. Before and after each scan, volunteers completed the Befindlichskeits scale (BFS) of mood and energy (Von Zerssen et al., 1974) and a mood visual analogue scale (VAS).
The task was adapted from (McCabe et al., 2010) to include an effort stage. The task (40 trials) had four conditions based on the trial type (reward/aversive) and its level of difficulty (easy/ hard). Trial type was cued by a visual stimulus (chocolate picture or picture of mouldy drink (2 s)), which indicated either to work to win the chocolate taste or to avoid the aversive taste (effort phase). Difficulty was determined by the amount of effort required to complete the effort stage (easy=24, hard=45 button presses). This required volunteers to press a button as fast as possible (<6 s) to move a bar towards the pleasant chocolate picture (reward) or away from the unpleasant mouldy picture (aversive), allowing enough time to complete easy trials but not hard trials. If on reward trials volunteers were successful they received the taste (5 s delivery and 2 s swallow cue) of chocolate and if not they received the tasteless solution. If on aversive trials volunteers were successful they received the tasteless solution and if not they received the unpleasant taste. A grey image (2 s) was presented at the end of each trial. Each condition was repeated 10 times, chosen by random permutation. Jitters were used for both interstimulus intervals and inter-trial intervals. To sustain effort, four trials (two reward/two aversive) were longer at 9 s each. Volunteers also rated 'wanting', 'pleasantness' (+2 to −2) and 'intensity' (0 to +4) on a VAS on each trial.
Stimuli
We used a picture of liquid chocolate (reward), a mouldy drink (aversive) and a grey image (control). The rewarding taste was a Belgian chocolate drink and the aversive taste was a combination of the chocolate drink mixed with beetroot juice, providing a similar texture. The tasteless solution (25×10 -³mol/L KCL and 2.5×10 -³mol/L NaHCO 3 in distilled H 2 O) was also used as a rinse between trials. Solutions were delivered through three Teflon tubes allowing 0.5 mL of solution to be manually delivered.
Functional magnetic resonance imaging task (fMRI) scan
The experimental protocol consisted of an event-related interleaved design. A Siemens Magnetom Trio 3T whole-body MRI scanner and a 32-channel head coil were used. Multi-band accelerated pulse sequencing (version no. RO12, Center for Magnetic Resonance Research, University of Minnesota, USA, EPI 2D BOLD/SE/DIFF sequence) was used with an acceleration factor of 6. T2*-weighted echo planner imaging slices were obtained every 0.7 s (repetition time (TR)). Fifty-four axial slices with inplane resolution of 2.4×2.4 mm and between-plane spacing of 2.4 mm were attained. The matrix size was 96×96 and the field of view was 230×230 mm. Acquisition was performed during task performance, yielding ~3500 volumes. An anatomical T1 volume with sagittal plane slice thickness 1 mm and in-plane resolution of 1.0×1.0 mm was also acquired.
fMRI analysis
Statistical Parametric Mapping (SPM8) was used for realignment and normalisation to the Montreal Neurological Institute (MNI) coordinate system and spatial smoothing with a 6 mm full-widthat-half-maximum Gaussian kernel and global scaling (Collins et al., 1994) . The time series at each voxel was low-pass filtered with a hemodynamic response kernel. Time series non-sphericity at each voxel was estimated and corrected for (Friston et al., 2002) , and a high-pass filter with a cut-off period of 128 s was applied.
In the single-event design, a general linear model was then applied to the time course of activation in which stimulus onsets were modelled as single impulse response functions and then convolved with the canonical haemodynamic response function (Friston et al., 1994) . Linear contrasts were defined to test specific effects. Time derivatives were included in the basis functions set. Following smoothness estimation (Worsley et al., 1996) , linear contrasts of parameter estimates were defined to test the specific effects of each condition (pleasant/unpleasant cue -grey image and pleasant/unpleasant taste -rinse) with each individual dataset. Voxel values for each contrast resulted in a statistical parametric map of the corresponding t statistic (transformed into the unit normal distribution (SPM z)). Movement parameters for each person were added as additional regressors.
Second-level fMRI analyses examined simple main effects of task with one-sample t-tests for all scans (Supplementary Material, Table S1 ). Independent samples t-tests were used to examine between groups differences using SPM8. Results were thresholded at p=0.001 and whole-brain cluster corrected (p<0.05 family-wise error (FWE) for multiple comparisons) with age, gender and BMI added as covariates of no interest. Thresholding at p=0.001 with a cluster threshold of k=30 was our attempt at reducing both Type 1 and Type 11 errors in our results. Given that we have run this particular design in our previous studies, we believe we are less likely to attribute real activation to noise (Type I errors are not likely to replicate across multiple studies) and more likely instead to miss effects by increasing the p threshold. Therefore we increase the cluster threshold to 30 in an attempt to rebalance the Type 1 and Type 11 error rate. We also think this is appropriate given that these are healthy human volunteers and so differences in reward subtype correlations might have relatively subtle effects (Lieberman and Cunningham, 2009 ).
We also report results from atlas-based regions of interest (ROIs) analysis in SPM8 using Wake Forest University (WFU) PickAtlas toolbox to create 8 mm spheres from coordinates selected from previous studies; pregenual anterior cingulate cortex (pgACC) ( 3 36 2 (Rolls and McCabe, 2007) as these regions have been found to be activated by our task. Plots of contrast estimates were extracted with plots tool in SPM8, and Wake Forest University PickAtlas toolbox was used to display neural activation, with error bars representing the standard error of the mean (Maldjian et al., 2003) .
Correlations with anhedonia measure
Using Pearson correlations we examined the relationship between mood (anhedonia) and the extracted beta values from our significant fMRI results.
Results
Demographic and clinical data
Analysis (Table 1) revealed no significant age and gender differences between LR and HR groups. There were significant differences; BMI p<0.03, MFQ, BDI, SHAPS, FCPS, TEPS all p<0.02 (Table 1) .
Mood, energy and affect scores
For the BFS we used a repeated measures analysis of variance (ANOVA) with within subject factor of time (before and after scan) and between subject factor of group (HR and LR). Results revealed that there was no significant main effect of time (F(1.31)=0.005; p=0.943) a significant main effect of group (F(1.31)=216.73; p=0.002) and significant interaction between time (before and after scan) and group (LR and HR) (F(1.31)=5.657; p=0.024). Which meant that the HR group had lower mood than LR both before and after the scan. Further paired sample t-test analysis revealed that there was a significant difference for time in the LR group (t(16)=−3.24; p=0.005) meaning the LR group had a lower mood after the scan with no effect in the HR group (t(15)=1.28; p=0.221) (Supplementary Material, Table S1 ).
For the VAS we used a repeated measures ANOVA with within subject factor of time, two levels (before and after scan) and within subject factor, emotion, on nine levels (alertness, disgust, drowsiness, sadness, happiness, anxiety, withdrawn, faint, nausea) and between subject factor of group (LR and HR). Results revealed that there was no significant main effect of time (F(1.31)=0.199; p=0.658) and no significant main effect of group (F(1.31)=2.5; p=0.124). There was a significant main effect of emotion (F(8.248)=54.75; p<0.001) yet no significant interaction between the time, emotion and group (F(8.248)=1.329; p=0.229). Further paired sample t-test analysis revealed that there was a significant difference for emotion in LR group for disgust with increasing disgust after the scan (t(16)=−2.615, p=0.019) and in the LR group for drowsiness with increasing drowsiness after the scan (t(15)=−3.23; p=0.006) (Supplementary Material, Table S1 ) but not in the HR group.
Subjective ratings of stimuli
Ratings of wanting, pleasantness, and intensity for the stimuli were obtained during scanning on each trial for cues and the Table S2 ).
Effort
The number of button presses as well as the time needed to complete the effort part of the task was also recorded. No significant group differences were found for the number of button presses or the time needed to complete the effort part of the study (p>0.05) (Supplementary Material, Table S3 ).
Main effects of stimuli on blood oxygen level-dependent responses
Supplementary Material, Table S4 provides a summary of the main effects of one-sample t-tests in all subjects for the anticipation, effort and consummation phases. As expected, the anticipation of the rewarding stimuli activated reward-relevant circuitry including the prefrontal cortex and striatum. The anticipation of the aversive cue activated similar areas and also the insula. Effort to achieve rewards activated the precentral gyrus and also the posterior cingulate and hippocampus. Effort to avoid aversion activated the precentral gyrus, posterior cingulate cortex, precuneus and caudate. Consummation of the pleasant chocolate taste activated the striatum, the anterior cingulate, amygdala and the hippocampus, whilst the aversive taste activated the same regions but also the insula (Supplementary Material, Table S4 ).
Effects of mood on blood oxygen leveldependent responses
Anticipatory phase
Blood-Oxygen-Level-Dependent (BOLD) responses to aversive cue. Relative to LR, the HR group exhibited less BOLD responses in the pgACC ROI (Figure 1 ) and the medial frontal gyrus, posterior cingulate cortex/precuneus, inferior frontal gyrus and frontal pole to the unpleasant cue during whole brain analysis (Tables 2 and 3 ). There were no group differences for the pleasant stimulus. Effort phase. Relative to LR, the HR group exhibited less BOLD responses in the pgACC ROI ( Figure 2) and vmPFC ROI and the hippocampus for the chocolate hard trials vs chocolate easy trials during the whole brain analysis. Relative to LR, the HR group exhibited less BOLD responses in the medial frontal gyrus, the precentral gyrus and the superior temporal gyrus for the chocolate hard trials vs aversive hard trials during the whole brain analysis. Relative to LR, the HR group exhibited less BOLD responses in regions such as the central operculum, frontal pole and the superior frontal gyrus for the chocolate easy trials vs aversive easy trials during the whole brain analysis (Tables 2 and 3) .
Consummatory phase
BOLD responses to chocolate taste. Relative to LR, the HR group exhibited less BOLD responses in the pgACC ROI and the vmPFC ROI (Figure 3 , Table 2 
.)
BOLD responses to aversive taste. Relative to LR, the HR group exhibited less BOLD responses in the pgACC ROI and the vmPFC ROI and in the ACC/frontal pole for the unpleasant taste during whole brain analysis (Tables 2 and 3 ).
Correlational analysis. Correlational analysis results
revealed significant negative correlations between the FCPS scores and the pgACC ROI activation to the chocolate taste [8 36 2] (r=−0.606; p=0.013) in the HR group but no significant correlation in the LR group (r=0.144, p=0.581) . This shows that as the anhedonia scores increased in the HR group the brain activity in the pgACC decreased (Figure 4 ).
Discussion
Our findings show blunted neural responses during anticipation, effort and consummation of rewarding and aversive stimuli, despite no significant differences in behavioural responses, in adolescents with depressive symptomatology. Our results are consistent with the theory of emotion context insensitivity in depression whereby reduced reactivity to positive and negative stimuli is predominant (Rottenberg, 2007 , Rottenberg et al., 2005 . Specifically we found reduced response in the HR group during the anticipation of the unpleasant cue in the pgACC ROI. This region is involved in reward anticipation (Kim et al., 2010; Sescousse et al., 2013) and has been found blunted to the anticipation of reward and aversion in adults with a history of depression (McCabe et al., 2009) and in currently depressed adults (Knutson and Heinz, 2015; Price and Drevets, 2010; Smoski et al., 2009; Ubl et al., 2015 , Zhang et al., 2013 .
We also found decreased medial and inferior frontal gyrus activation in the HR group compared to the LR group during anticipation (aversive cue). These are regions involved in cognitive control over emotional stimuli (Ochsner and Gross, 2005; Wager et al., 2008) and found dysfunctional in volunteers with depression symptoms (Beevers et al., 2010) .
Despite relatively few studies examining neural responses in adolescents at risk of depression our results, of decreased pgACC ROI activity is similar to that of our previous study examining young people with a parent with depression where we also found evidence of diminished ACC activity to the anticipation of reward and aversion (McCabe et al., 2012) . The pgACC is claimed to be a node of communication between the dACC, important for error detection or attention, and the more ventral ACC implicated in emotion processing and regulation as well as salience detection (Ball et al., 2014) . Aberrant neuronal activation patterns of the pgACC have been found in depressed patients (Walter et al., 2009) and in remitted depressed patients in a task combining pleasant and unpleasant experiences of music and emotional faces (Aust et al., 2013) . Therefore the reduced pgACC/ACC activations in our study in the HR group during the anticipation of aversive stimuli could be a mechanism by which those at risk of depression have problems using negative information to guide appropriate actions. This in turn could lead to an increased risk of depression.
During the effort phase we found more neural activity under hard trials than easy in all subjects. Specifically we found increased hippocampus and insula activity during chocolate hard trials and increased caudate activity for aversive hard (Supplementary Material, Table S4 ). The hippocampus is implicated in task performance and effort (Gur et al., 1997; Hosking et al., 2016; Pribram and McGuinness, 1975) and when comparing whole brain analysis between groups we found decreased activation in this region in the HR group compared to the LR group which is interesting given that we found no behavioural differences between the groups in their effort expended (Table 2) . We also found decreased middle frontal gyrus (MFG) activations for hard chocolate trials versus hard aversive trials in the HR group compared to the LR group and decreased pgACC ROI for easy chocolate trials versus easy aversive trials in the HR group compared to the LR group. These are regions involved in reward processing, motor responses (Liljeholm and O'Doherty, 2012; Scholl et al., 2015) and in the avoidance of aversion (Kerr et al., 2012) and in the willingness to expend effort in cost-benefit scenarios (Green et al., 2015; Schmidt et al., 2012) . As such, these regions are important in underlying motivation both cognitive and physical (Schmidt et al., 2012) . In summary we find that brain regions involved in effortful motivation to win reward and avoid aversion are reduced in adolescents at increased risk of clinical depression.
During the consummation phase we found decreased vmPFC ROI activation and pgACC ROI activation for the chocolate taste in the HR group. The pgACC decrease was significantly correlated with increasing depression symptomatology in the HR group (Figure 4 ). As described above, aberrant neuronal activation patterns of the pgACC have been found in depressed patients (Walter et al., 2009) and in remitted depressed patients in a task combining pleasant and unpleasant experiences of music and emotional faces (Aust et al., 2013) . Thus our decreased pgACC activations to chocolate taste may indicate a biological marker of difficulty engaging with the experiences of reward. The vmPFC is reported as important for hedonic processes in many studies in animals and humans and is thought to mediate internally driven motivational processes such as satiety (Bouret and Richmond, 2010; Robbins and Everitt, 1996) . In our previous study of those with a history of depression we found decreased responses in vmPFC to the consummation of chocolate (McCabe et al., 2009) , similar to our current results and supporting the notion that neural deficits to reward also predate clinical depression onset.
We also found decreased pgACC and vmPFC ROI activations for the aversive taste in the HR group, which is interesting given that reports in the depression literature assume elevated responses to aversive stimuli (Rottenberg et al., 2005) . Further increased activity in regions like the vmPFC (part of the Default Mode Network) have been reported in the processing of fear in depression . However, studies also report blunted responses to a variety of negative and positive stimuli in depressed patients with a recent meta-analysis being the first quantitative review of emotional reactivity finding that depression involves consistent reductions in both positive AND negative reactivity (Bylsma et al., 2008) . Our result of blunted responses to positive and negative stimuli is also similar to our previous study with a recovered depressed sample (McCabe et al., 2009 ), suggesting that blunted aversion might also be a biomarker detectable both before depression onset and a residual trait marker of depression.
Interestingly, we did not find either ROI or whole brain differences between the groups in the ventral striatum which is consistent with our previous study examining young people at familial risk of depression but no personal depression experiences (McCabe et al., 2012) . Also our results are unlike the large differences in striatal response to reward found in our previous study examining those recovered from depression (McCabe et al., 2009 ). This suggests that perhaps striatal differences (in this task) are only detectable after having experienced clinical depression and is thus a state rather than a trait marker of depression. Further longitudinal studies are necessary to clarify this.
In conclusion, our results show that adolescents with depression symptomatology have reduced neural responses to both reward and aversion. This is in line with the emotion context insensitivity theory of depression whereby depression is characterised by an emotional flattening to all stimuli, both positive and negative. This study suggests that there are biological markers of depression symptoms before clinical onset that may improve diagnosis and be important targets for early treatment interventions. Further, longitudinal studies with larger sample sizes are needed to clarify and replicate these results. Studies examining other groups at risk of depression such as those with a family history are needed to identify how reward function interacts with heritability, prognosis and treatment outcome in those who develop depression.
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